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Description 

DUAL-FREQUENCY SILICON NITRIDE FOR 

SPACER APPLICATION 

Background of Invention 

[0001] The present invention relates in general to the manufac- 
ture of integrated circuits, and in particular relates to 
spacer films used in semiconductor devices. 

[0002] Semiconductor devices such as a metal oxide semicon- 
ductor field effect transistors (MOSFETs) are known in the 
art. P-type FETs (PFETs) or n-type FETs (NFETs) are often 
formed using very different dopant species. These species 
have very different physical properties such as diffusion 
rate and maximum activated concentration. A spacer is 
used to define the edge for the source-drain implants for 
a FET device. When a voltage is applied at the gate and the 
channel under the gate oxide is active, there is flow of 
electrical carriers from the source to the drain. 

[0003] The use of dual spacers has been described, for example 
by Fung et al. (co-assigned US Patent Application Serial 



No. 10/277,907, filed on Oct. 21, 2002, to the same as- 
signee as the present application), which is incorporated 
by reference herein in its entirety, to optimize the perfor- 
mance of different MOS devices, e.g. NFET or PFET device 
performance, independently on the same substrate. In the 
example of dual spacers, where the spacer width next to 
poly gate conductor on the PFET device is different from 
the spacer width next to the poly gate conductor on the 
NFET device. This kind of spacer can also be called an 
asymmetric spacer. In this device construction, the spacer 
width on the PFET is greater than the width on the NFET 
by almost a factor or 2, i.e., for an NFET spacer width of 
40 nm, the corresponding PFET spacer is about 80 nm in 
width. The PFET spacer is larger since it usually is in rela- 
tion to the implant species that is used in the source- 
drain region that typically contains boron. When the im- 
plant species are activated through the source-drain acti- 
vation anneal, the large spacer on the PFET helps in defin- 
ing the appropriate edge for the implant profile for the 
source-drain regions. The thinner spacer width on the 
NFET is designed to maximize the device performance. 
[0004] a variety of different silicon nitride films can be used to 
define the spacer, which is part of the first processing 



step towards forming a spacer. Conventionally, a high 
temperature furnace silicon nitride could be deposited, or 
if the thermal budget from a furnace operation is deemed 
excessive, a rapid thermal processed silicon nitride film is 
deposited using a chemical vapor deposition (RTCVD) 
method. The typical temperature for an RTCVD film is 
about 700°C to 800° C, for a process deposition time less 
than 5 minutes per wafer, more typically between about 2 
to 3 minutes. However, the temperatures used in RTCVD 
processing may still exceed the thermal budget for the 
device. Other methods to deposit silicon nitride films at 
lower process temperatures of 400°to 500° C are known 
using plasma enhanced CVD techniques (PECVD), where 
the plasma plays a critical role in achieving the formation 
and deposition of silicon nitride films on the substrate. 
However, the conventional technique of using a PECVD 
film suffers from a serious conformality problem, that is, 
the film is uniform when deposited on near-planar sub- 
strate features but has uneven thickness when features 
with different aspect ratio are present. 
[0005] For example, by the time the spacers are to be formed to 
make a semiconductor device, the gate poly conductor is 
typically patterned. The width of the poly conductor lines 



would be typically between 300 A to 800 A, and height of 
the poly conductor line is typically in the order of 1000 A 
to 2000 A. Referring to FIG. 2, a substrate 10 is illus- 
trated, having polysilicon lines 20. The deposition thick- 
ness of the silicon nitride layer 30 would vary along dif- 
ferent regions. The poly conductor (PC) line 20 is the fea- 
ture over which the spacer needs to be deposited and 
shaped. Region A of the silicon nitride layer 30 denotes 
the planar region 31 overlying the substrate 10; region B 
of the nitride layer 30 denotes the portion overlying the 
top surface 21 of the PC line ; C denotes the region of the 
nitride layer 30 covering the vertical side wall 22 of the PC 
line; region D denotes the transition region of the nitride 
layer from the vertical sidewall region C to the planar hor- 
izontal region A of the nitride layer 30. Typically for a 
PECVD silicon nitride film, the thickness on vertical side- 
wall C is about 30 to 80% of the thickness of the planar 
region A, depending on the aspect ratio. For forming a 
spacer and using it to define as device, the transitional re- 
gion D is of great importance. The transition region D of 
the nitride layer 30 should be continuous and without 
seams. The thickness and uniformity of transition region 
D would vary based on the aspect ratio of the PC line 20. 



The two big problems for PECVD silicon nitride films for 
spacer applications is the poor conformality (less than 
50%) and the presence of seams 43 (which may be ob- 
served from subsequent wet cleans that are used to form 
cobalt silicide junction contacts to the source-drain re- 
gions). 

[0006] There is, therefore, a need for a method of forming nitride 

spacers that have improved conformality and uniformity 

(i.e., absence of seams). 
Summary of Invention 

[0007] | n V j ew 0 f the foregoing, it is an objective of the present 
invention to provide a low- temperature method for form- 
ing a silicon nitride layer that has good conformality. 

[0008] | n a fj rs t aspect, the present invention provides a method 
of depositing a silicon nitride layer over a substrate hav- 
ing a gate stack, by means of a dual-frequency plasma 
enhanced CVD process, the CVD process comprising a 
temperature in the range 400 °C to 550 °C, preferably 
about 480 °C, and forming a spacer on the gate stack 
from the silicon nitride layer, and forming a PFET device 
from the gate stack. The pressure is in the range 2 Torr to 
5 Torr, preferably about 2.5 Torr. The low frequency 
power is in the range 0 W to 50 W, preferably about 40 W. 



The high frequency power is in the range 90 W to 110 W, 
preferably about 100 W. The precursor gases of silane, 
ammonia and nitrogen preferably flow at flow rates in the 
ratio 240:3200:4000 seem. The resulting silicon nitride 
film has the properties: Rutherford Back Scattering (RBS) 
ratios of Si, N, H of 0.4:0.48:0.12; Fourier Transform In- 
frared absorption (FTIR) ratio of Si-H/N-H of 0.10 
(1.6E21/1.54E22) ; the percent bonded hydrogen (% at-H) 
is less than 10% by volume; and a refractive index of 1.95 
±0.05. The as deposited stress of the film was 3 Giga- 
dynes/cm 2 , compressive in nature. 

[0009] | n another aspect of the invention, a silicon nitride film is 
provided with a vertical to horizontal coverage ratio be- 
tween 70 % to 90%. 

[0010] | n y e t another aspect of the invention, a silicon nitride film 
is provided having a stress in the range from + 8 Giga- 

2 2 

dynes/cm tensile to -7 Gigadynes/cm compressive. 

[001 1] in another aspect of the invention, a PFET device is formed 
having a spacer using a silicon nitride film formed using a 
low-temperature dual-frequency plasma enhanced CVD 
process. The spacer is preferably a dual spacer. 

[0012] The foregoing has outlined rather broadly the features 

and technical advantages of the present invention in order 



that the detailed description of the invention that follows 
may be better understood. Additional features and advan- 
tages of the invention will be described hereinafter which 

form the subject of the claims of the invention. 
Brief Description of Drawings 

[0013] For a more complete understanding of the present inven- 
tion, and the advantages thereof, reference is now made 
to the following descriptions taken in conjunction with the 
accompanying drawings, which are not necessarily drawn 
to scale. 

[0014] FIG. 1 illustrates a prior art structure having a silicon ni- 
tride layer deposited by a prior art PECVD process. 
[0015] FIG. 2 illustrates a substrate include a gate stack. 

[0016] FIG. 3 is a structure having a silicon nitride layer formed in 

accordance with the invention. 
[0017] FIG. 4 illustrates a structure during the formation of a 

PFET device in accordance with the invention. 
[0018] FIG. 5 illustrates a structure during the formation of a 

PFET device in accordance with the invention. 
[0019] FIG. 6 illustrates a structure during the formation of a 

PFET device in accordance with the invention. 
[0020] FIG. 7 illustrates plots of normalized etch rate for the in- 



ventive silicon nitride film compared to prior art silicon 
nitride films. 

[0021] FIG. 8 illustrates a structure during the formation of a 
PFET device in accordance with the invention. 

[0022] FIG. 9 illustrates plots of off current versus on current for 

PFET devices having spacers formed in accordance with 

the invention, compared to PFET devices having spacers 

formed using a prior art RTCVD process. 
Detailed Description 

[0023] | n the following description, numerous specific details 

may be set forth to provide a thorough understanding of 
the present invention. However, it will be obvious to those 
skilled in the art that the present invention may be prac- 
ticed without such specific details. 

[0024] Refer now to the drawings wherein depicted elements are 
not necessarily shown to scale and wherein like or similar 
elements are designated by the same reference numeral 
through the several views. 

[0025] FIG. 2 shows two gate stacks 20, 30 formed by techniques 
known in the art on the same semiconductor substrate 10 
in an NFET region 100 and a PFET region 200 respectively. 
The gate stacks may be comprised of a polysilicon con- 
ductor, having width typically between about 300 A to 800 



A, and the height of the poly line is typically on the order 
of 1000 A to 2000 A. The substrate may be a bulk wafer, 
SOI wafer, GaAs or any type of semiconductor substrate. A 
gate oxide layer 12, 13 may be present under the gate 
stacks 20, 30, respectively. Dielectric spacers 52, 53 
formed on the sidewalls of the gate stacks are schemati- 
cally shown as single spacers for discussion, but are un- 
derstood alternatively to include multiple layers 
(composite spacers). Implant regions 14, 15 may also be 
formed by methods known in the art, which will typically 
form the source/drain regions, and may include both halo 
and extension implants, as known in the art. Other fea- 
tures, such as isolation features, may be included but are 
not shown for clarity of explanation. 
[0026] Then, in accordance with the present invention, a thin film 
dielectric 60 is deposited conformally over the structure 
including gate stacks 20, 30 and the exposed surface of 
the substrate 10 as illustrated in FIG. 3. In accordance 
with the present invention, dielectric is preferably a silicon 
nitride film deposited using a dual-frequency plasma en- 
hanced CVD process, wherein the deposition temperature 
is between about 400°C to 550°C, and at pressures in the 
range 2 Torr up to 5 Torr. The power of the dual fre- 



quency plasma generator is preferably about 100 W ±10W 
for the high frequency power, and between 0 to 50 W for 
the low frequency power. For example, using a dual- 
frequency plasma tool from Applied Materials, Inc., a de- 
position temperature of 480° C, 2.5 Torr, high frequency 
power of 100 W and low frequency power of 40 W may be 
used according to the invention. The flow rates of precur- 
sor gases of silane, ammonia and nitrogen were in the ra- 
tio about 240:3200:4000 seem using this tool configura- 
tion. The conformality of the resulting silicon nitride layer 
60 has a coverage ratio (thickness at sidewall region C 
compared to horizontal region A over the substrate sur- 
face) is between 70% and 90%, more typically about 80%. 
[0027] Then, a second film dielectric 70 (e.g. CVD oxide) is also 
deposited, resulting in the structure illustrated in FIG. 4. 
Subsequently, the second dielectric film 70 is processed 
to form spacers 73 on the sidewalls overlying the confor- 
mal silicon nitride film 60 along the sidewalls of the gate 
stack 30 in the PFET region 200. The spacers 70 may be 
formed by any process known in the art, including for ex- 
ample, using a photoresist as a mask to protect the PFET 
region 200, and performing a wet etch (such as a buffered 
hydrofluoric acid mixture) or dry etch to remove the di- 



electric film 70 from the NFET region selective to the sili- 
con nitride film, followed by an anisotropic etch of the 
PFET region to form the spacers 73. Alternatively, a direc- 
tional etch may be applied to form spacers on both NFET 
and PFET gate structures 20, 30, followed by a mask to 
protect the PFET region 200, and a selective etch to re- 
move the dielectric spacers from the NFET region 100, 
leaving spacers 73 in the PFET region. The resulting struc- 
ture is illustrated in FIG. 5. 

[0028] An anisotropic or directional etch (i.e. such as RIE) of the 
silicon nitride layer 60 is performed, resulting in narrow 
spacers 62 on the NFET region 100 and composite L- 
shape spacers 63 on the PFET region 200, as illustrated in 
FIG. 6. During this step, the oxide spacer 73 that was 
formed previously acts as a masking structure and helps 
to define the L-shaped nitride spacers 63 for the PFET. 

[0029] The directional etch used to form the spacers 62, 63 from 
the nitride layer 60 deposited in accordance with the 
present invention must be adjusted in comparison to a di- 
rectional etch used for nitride layers formed by conven- 
tional means. The etch rate of prior art nitride films com- 
pared to the etch rate of the nitride film deposited by the 
method of the present invention is compared in FIG. 7. 



The etch rates plotted in FIG. 7 are normalized to the etch 
rate of a prior art nitride layer 701 deposited by RTCVD at 
a temperature of about 725 °C. Also plotted is the etch 
rate of the nitride layer deposited in accordance with the 
present invention (702) and the etch rate of a prior art 
PECVD method (703). The curve 715 indicates the etch 
rates using a spacer RIE process. It can be seen that the 
RIE spacer etch rate for dual-frequency plasma enhanced 
CVD silicon nitride film 702 of the present invention is 
higher than the RIE etch rates for RTCVD spacer material 
701 or for PECVD spacer material 703. Thus, the RIE pro- 
cess must be adjusted to prevent overetching, as known 
in the art. 

[0030] Subsequent processing proceeds by methods known in 
the art. After the nitride spacers 62, 63 are formed, the 
source-drain implants 16, 17 are formed. This is followed 
by an activation anneal at high temperature for a very 
short time, typically a 1000 °C to 1100 °C process temper- 
ature for a time that is less than 5 seconds. This high 
temperature step is used to define the implant profiles in 
the substrate for the various devices. Subsequent pro- 
cessing involves the making of salicide contacts 25, 35, 
such as cobalt silicide, that is used to make contact with 



the wiring levels, resulting in the structure illustrated in 
FIG. 8. 

[0031] The spacer material that is used has to be compatible with 
a variety of wet cleans that are used, such as a mixture of 
buffered hydrofluoric acid and another mixture of HF and 
ethylene glycol. Typically, silicon nitride films do not etch 
substantially in a mixture of buffered hydrofluoric acid, 
but do etch in a mixture of HF and ethylene glycol. Curve 
712 of FIG. 7 indicates the normalized etch rate of a wet 
clean using a mixture of hydrofluoric acid (HF) and ethy- 
lene glycol (EG) at 80°C. Note that the etch rates of the 
dual-frequency plasma enhanced nitride of this invention 
(702) and of a conventional PECVD nitride (703) are higher 
than an RTCVD nitride (701). If there were any seams/ 
weak points in the silicon nitride film in the transition re- 
gion, then during these wet etches to form the salicide, 
the wet etching chemistries can access the gate oxide and 
cause device reliability issues. Therefore from a process 
integration standpoint, it is important for the silicon ni- 
tride material that is used for the spacer to be compatible 
with RIE processing and with wet etch chemistries to ob- 
tain the desired thickness and minimize formation of 
seams or other defects. The conformal nitride layer 60 



deposited in accordance with the present invention mini- 
mizes the formation of seams, compared to a nonconfor- 
mal nitride layer 30 (see FIG. 1) formed using a convention 
PECVD process. 

[0032] The silicon nitride film 60 deposited in accordance with 
the present invention, use lower processing temperatures 
for plasma enhanced CVD deposition, which are advanta- 
geous from a device standpoint. A variety of species, such 
as arsenic and boron are used to implant into the sub- 
strate to define the device formation. Typically the well 
implant for the device regions are done prior to forming 
the PC, and the halo and extension implants to define the 
device are done after forming the PC. One of the dopant 
species that is most sensitive to temperature is boron, 
where the diffusion of boron is increases with higher tem- 
perature. During the spacer deposition process using a 
silicon nitide material, the deposition temperature directly 
correlates to the boron diffusion in the substrate. The use 
of lower temperature plasma enhanced CVD silicon nitride 
films would be therefore most advantageous for limiting 
the extent of boron diffusion compared to higher temper- 
ature furnace deposition or RTCVD processes. 

[0033] | n other aspect of this invention, the dual spacer may be 



used in conjunction with an offset spacer. An offset 
spacer is formed on the PC lines with either a silicon diox- 
ide or a silicon nitride material. The use of an offset 
spacer is also well known in the art. The halo and the ex- 
tension implants for the devices are now away from the 
edge of the PC by the thickness of the offset spacer. This 
improves the roll-off characteristics of the PFET device 
without deteriorating the NFET device. 
[0034] | n a preferred embodiment of the process, using the dual- 
frequency tool from Applied Materials, Inc., with a low fre- 
quency power setting of 40 W and a high frequency power 
setting of 100 W, at a temperature of 480 °C, 2.5 Torr, 
and flow rates of silane, ammonia and nitrogren at 
240:3200:4000 seem, the silicon nitride film 60 was ob- 
served to have the following properties: Si, N, H ratios of 
0.4:0.48:0.12 based on Rutherford Back Scattering (RBS); 
Fourier Transform Infrared absorption (FTIR) ratio of Si- 
H/N-H of 0.10 (1.6E21/1.54E22); percent bonded hydro- 
gen (% at-H) less than 10% by volume; and a refractive in- 
dex of 1.95 ±0.05. The as deposited stress of the film 

2 

was 3 Gigadynes/cm , compressive in nature, with a 

2 

stress range from + 8 Gigadynes/cm tensile to -7 Giga- 
dynes/cm 2 compressive. 



[0035] The silicon nitride spacer 62, 63 formed in accordance 

with the invention was implemented and a 10% to 15% im- 
provement in the PFET drive current was observed com- 
pared to a PFET using spacers formed by an RTCVD pro- 
cess, as illustrated in FIG. 9. For a given off-current, for 
example, an off current of about 40 nAmps/micron is in- 
dicated by reference numeral 80, it is preferable to have a 
higher on current. Merely by using the spacers 62, 63 
formed in accordance with the invention, a significant 10% 
to 15% improvement (85) in the ratio of on current to off 
current was unexpectedly observed for the off current of 
the PFET spacers formed according to the invention (81) 
compared to the PFET performance using spacers formed 
by an RTCVD process. 

[0036] Although the present invention and its advantages have 

been described in detail, it should be understood that var- 
ious changes, substitutions and alterations can be made 
herein without departing from the spirit and scope of the 
invention as defined by the appended claims. 



